Abstract
The interaction of high intensity short pulse laser beams with plasmas can accelerate electrons to energies in excess of a GeV. These electron beams can subsequently be used to generate short-lived particles such as positrons, muons, and pions. In recent experiments, we have made the first measurements of pion production using 'all optical' methods. In particular, we have demonstrated that the interaction of bremsstrahlung generated by laser driven electron beams with aluminum atoms can produce the long lived isotope of magnesium ( 27 Mg) which is a signature for pion (π + ) production and subsequent muon decay. Using a 300 TW laser pulse, we have measured the generation of 150±50 pions per shot. We also show that the energetic electron beam is a source of an intense, highly directional neutron beam resulting from (γ, n) reactions which contributes to the 27 Mg measurement as background via the (n, p) process.
Over the past several years, there have been many experiments which have demonstrated that high-energy quasimonoenergetic electron beams can be produced as a result of the interaction of intense short pulse lasers with underdense plasmas (laser wakefield acceleration). Relativistic electrons can be produced through acceleration [1] by large amplitude relativistic plasma waves in the 'bubble' regime which are created in the wake of the laser pulse as it propagates through low density plasma [2] [3] [4] . Recently, electrons with greater than 1 GeV energy have been generated using short laser pulses as they propagate through extended plasmas [5] [6] [7] . These high-energy electrons can consequently produce gamma rays [8] [9] [10] through interaction with matter and such gamma rays can subsequently be used as sources of positrons [11] [12] [13] , neutrons [14] , and potentially more 'exotic' particles such as pions and muons [15] [16] [17] [18] . We have recently used such energetic electron beams to generate highly directional positron sources with energies greater than 100 MeV [13] as well as energetic directional neutron beams [14] .
Although positrons are anti-matter, they are produced naturally via β + decay. Similarly, neutrons-which are naturally bound to the nucleus-can be ejected via nuclear fusion, spontaneous fission, etc. As such, both neutrons and positrons can be produced with terrestrial, non-accelerator sources. However, more exotic particles requiring higher rest mass (>100 MeV/c 2 ) than typically available from natural radioactive processes (decay, fusion, fission) must be created using high-energy particles either from a cosmic source or an accelerator [19] [20] [21] rest mass than a muon, they require less energy to produce with gamma rays since a (virtual) quark/anti-quark pair (>140 MeV) in a nucleus is easier to produce than a muon/anti-muon pair (>212 MeV). However, these quark/anti-quark pairs must be created with enough energy to overcome the binding energy of the quarks in the neutron or proton with which it is interacting so that it can transfer quarks and form a pion. This process also leads to neutron/proton transformation inside the nucleus and can form a different element/isotope than the original nucleus. In certain cases, the new element is a radioactive isotope, which can be readily measured and identified ex situ with a high-purity germanium (HPGe) detector. This is quite useful for the detection of pions since they are difficult to measure directly and have an extremely short life time (26 ns) before preferentially (>99.988%) decaying into longer-lived (and nearly as difficult to directly detect) muons. However, due to the inherently low production cross-sections (10-100 μb) for pions, care must be taken to account for other primary and secondary processes such as (γ, n) and (n, p), which can result in the same isotope as (γ, π + ) processes. Increasing the length of interaction can cause a significant production of the identifying isotope from secondary processes as the primary process yield increases. To minimize these secondary processes, previous experiments on pion production at synchrotron sources used a thin (100 μm) activation target. However, due to the much lower average flux on current laser wakefield accelerators (LWFA) compared to conventional accelerators, one must sacrifice accuracy for yield to obtain significant activation. In this case, the 27 Al(γ, π + ) 27 Mg interaction is ideal for measuring pion production since it has a half-life of 9.46 min and is a β-emitter with clear γ-ray signatures having lines at 843.7 keV (71.8% branching ratio) and 1014.55 keV (28.2% branching ratio), which are easily measurable with a HPGe detector.
In this paper, we discuss experiments using the high power Astra-Gemini laser at the Rutherford Appleton Laboratory which were conducted to demonstrate for the first time that pions can be generated through all optical means on a 'table-top' laboratory experimental set-up. We set out to detect π + via the 27 Al(γ, π
Mg reaction which has a threshold of 140 MeV (see cross-section in [21] ). In this case, the pion detector consisted simply of aluminum posts which were placed co-axially with the photon beam (figure 1). The aluminum rods were built into a plastic block to moderate and attenuate external (γ, n) neutrons from the surrounding shielding and were straddled by energy-sensitive (10 keV-20 MeV ) neutron bubble detectors. The aluminum rods had a diameter of 1.25 cm and a total length of 20 cm, consisting of 4×5 cm rods so as to fit within the HPGe detector housing used to measure the induced activation. At both ends of the plastic block, an x-ray sensitive image plate was mounted to the block to determine the alignment of the rods with respect to the incident photon beam. After a sequence of shots, the rods were analyzed in the HPGe detector (see figure 2 ). However to account for the effects of neutron generated background for this isotope, the neutrons were also measured simultaneously in the experiment. The experimental results were then compared with FLUKA Monte-Carlo simulations of the experiment. In the HPGe spectra, 25 counts of the 843 keV line were measured indicating 180 27 Mg/shot and 6 counts of the 1014 keV line were measured indicating 110 27 Mg/shot. Note that there were also additional peaks due to trace reactions observed in the irradiated sample. In particular, the (n, p) reaction with 56 Fe produces 56 Mn which is radioactive with a 2.58 h half-life (843 keV). Also in the sample there was a trace amount of 40 K which is radioactive generating a line at 1460 keV. For this experiment, the electron beam was generated and accelerated during the propagation of the intense Astra-Gemini laser beam through a 2 cm long gas-cell filled with He at a background pressure of 60 mbar. Once fully ionized, this corresponds to an electron density of 3×10 17 cm
, as extracted from optical interferometry of the plasma. The laser (pulse duration of 42±3 fs) was focussed using an f/40 spherical mirror. The interaction accelerated electrons with a broad spectra up to 1 GeV containing a total charge of 300 pC. The electron beam overall charge and spectral shape are stable within 10% (as observed over 10 consecutive shots). The electron beam divergence is measured, by looking at the electron beam diameter 2 m downstream of the gas-cell, to be energy-dependent and of the order of ∼5 mrad for electron energies exceeding a few hundred MeV. Assuming full loading of the laser wakefield bubble, the electron beam duration can be estimated to be of the order of 60 fs. Space charge effects appear to be negligible for electron energies exceeding 100 MeV, justifying the assumption of the electron beam divergence being constant throughout the propagation to the detector.
The beam was passed through a 1.5 cm thick Pb converter before the electrons/positrons were separated by a spectrometer magnet. The radiation length of Pb is ∼0.3 cm so the bremsstrahlung spectrum (as simulated by a Monte-Carlo code) has a similar number of photons as the number of electrons in the beam and an endpoint of ∼1 GeV [22] . After 4.2 m, the transmitted photons interacted with the 20 cm long Al rod surrounded by a highdensity polyethylene (HDPE) holder. Neutrons were detected by 3 sets of 6 energy-sensitive bubble detectors with separate energy thresholds of 0.01, 0.1, 0.6, 1.0, 2.5, and 10.0 MeV. These were placed adjacent to the Al rod within the HDPE holder. We estimate that the highest energy portion of the gamma-ray beam had diverged to about 2 cm in diameter after 4.2 m of propagation so that the probability of the beam also interacting with the HDPE holder must be considered. The relative reaction probabilities between the Al and HDPE are shown in figure 3 [23] , which indicates that the carbon in the HDPE can make neutrons at higher photon energies. However, because the (γ, n) energy threshold of aluminum is much lower and its cross-section is relatively higher, neutrons from carbon will not contribute as much to the high-energy bins, rather adding signal to the lower energy bins. Assuming the neutrons are predominantly generated in the aluminum due to its significantly higher cross-section, the measured neutrons imply that the incident photon energy is at least 15 MeV greater than the resultant neutron energy due to the requirement to overcome the binding energy of the aluminum nucleus.
After a shot series, the bubble detectors were removed and counted for the number of bubbles or expansions in the superheated emulsion caused by a capture of a neutron. The neutron spectra can be determined by deconvolving bubbles from detectors with different energy thresholds. However, for this case, we are primarily interested in only the high-energy portion of the spectra (>1 MeV) since the highest energy bins are more clearly resolved (the highest-energy signal is directly proportional to its neutron flux). There were three different conditions tested. First, as a background shot, we did not use a converter target (no bremsstrahlung) and deflected the electrons with a magnet. Next, we installed a 1.5 cm thick Pb converter to generate bremsstrahlung photons but magnetically deflected the e − /e + . Finally, we removed both the converter and magnet to allow the electrons to propagate to the target and create bremsstrahlung closer to (or inside of) the detector. The average neutron fluence for each one of these cases was obtained after spectral de-convolution.
For the case with only bremsstrahlung photons entering the detectors, we measured 5×10 6 neutrons/shot above 2.5 MeV and 5×10 5 neutrons/shot above 10 MeV. Since only the high-energy low divergence part of the beam was measured, the total flux of neutrons from such experiments is expected to be much higher. Due to conservation of momentum, the (γ, n) neutrons will receive a kick along the direction of the incident photon. This anisotropy results in an effective beamed source of neutrons. After a series of 10-20 shots, the bubble detectors in the array were removed and counted. For the neutrons less than 10 MeV, the ratio was approximately 4.75 inner/outer ratio, implying the beam was directional in a forward cone of roughly 80°. For neutrons greater than 10 MeV, the signal is entirely contained in the inner ring of detectors, placing the upper limit of the divergence at 32°based on the geometry. For one series in particular, this was evident as 1.7 bubbles/shot (corresponding to 4.1×10 6 neutrons/shot with roughly 200 cm 2 detector area) between 10-20 MeV were counted in the inner ring, while none were seen on the outer track over 10 shots. We also performed Monte-Carlo simulations of these experiments (see figure 4) . Given the bremsstrahlung photon spectrum from a 1 GeV, 300 pC flat-spectra electron beam interacting with 1.5 cm of Pb, the number of 27 Al(γ, n) 26 Al activations would be 5×10 7 neutrons/shot. However, this assumes primary interactions only with flat cross-sections, neglecting any cascading effects which may be significant since the cross-section is peaked at lower photon energies as we saw only 25 counts from 843 keV (the primary decay gamma of 27 Mg) and more than 80% of this is expected from (γ, π + ) rather than (n, p) based on the 0.8 GeV photon spectrum. Using a more realistic photon spectrum of >800 MeV would skew this ratio even more in favor of (γ, π + ). Given the low level of 27 Mg, accurately determining the level of pion production compared to (n, p) could only be done using a detailed Monte-Carlo treatment with the full detector/shielding geometry as done here.
Assuming each shot created the same number of activations, the FLUKA Monte-Carlo code can be used to estimate the number of pions created per shot. The measured activity is back-extrapolated from knowing the amount of time that the sample decayed after the final shot (13 min) and the number of shots taken over a given time (16 shots at 1 shot every 40 s). Therefore, measuring 25 counts on the 10% inherently efficient HPGe detector collecting ∼50% of the total solid angle infers that 180 27 Mg activations/shot were generated (see Mg activations are estimated (from FLUKA simulations) to come from (γ, π + ), the estimated pion number was found to be 150 pions/shot. The uncertainty is estimated to be ±50 as a result of background and standard error statistics. Since the charged pions preferentially decay into a muon of the same charge for 99.988% of decays, the detection of charged pions is also an effective indirect measurement of muons. Therefore, for nearly every measured pion, there is a muon produced. From the pion measurements in the previous section, the number of muons per shot at Astra-Gemini could be inferred to be ∼150 muons/shot.
In conclusion, secondary particle generation data has been presented using LWFA electrons as the driver yielding the first directional neutron beam measurement using LWFA, and the first measured production of pions (and inferred muons) using lasers. These results demonstrate the unique capabilities of laser wakefield acceleration sources of particles and radiation and show that new and potentially important applications are now becoming possible.
There are many new even higher power laser facilities under construction (up to 10 Petawatts) which will be capable of generating much higher fluxes of both pions and muons [24] [25] [26] . Such sources can be used for calibrating detectors, as injection sources for muon accelerators as well as for applications such as muon radiography. 
